Abstract Laboratory spectrophotometric measurements of minerals common on the lunar surface (olivine, pyroxene, plagioclase, and ilmenite) are measured over a wavelength range of 0.4 to 2.5 μm to better understand the effects of the particle phase function (PF; P [g]) on the application of Hapke's radiative transfer model to reflectance spectra of lunar materials. One objective of this work is to determine if accounting for wavelength-dependent photometric effects can improve spectral estimates of mineral abundance in lunar materials, particularly that of ilmenite. We also discuss a two-step calibration method to correct for the non-Lambertian behavior and wavelength dependence of the common reference standard Spectralon. Both a two-term Legendre polynomial representation of the PF and the Henyey-Greenstein PF are examined. We use our results to apply the Hapke radiative transfer model to reflectance spectra of lab mixtures and test the effects of different PF characteristics and assumptions. Laboratory spectra indicate that ilmenite exhibits more backward scattering behavior compared with silicate minerals, which are more forward scattering. We find that the variations in PF can affect derived single-scattering albedo values and thus spectral unmixing results. Because single-scattering contribution dominates the reflectance properties of dark minerals such as ilmenite, large uncertainties in derived single-scattering albedo values can be introduced by small changes in PFs. However, it is observed that the use of a wavelength-dependent PF does not produce significant differences in spectral unmixing results for binary and ternary silicate mixtures.
Introduction
The formulation of the radiative transfer theory derived by Hapke (1981) , hereafter referred to as the Hapke model, is widely used in estimating mineralogical and chemical information from reflectance spectra in the visible (VIS) to near-infrared (NIR) wavelength region (e.g., Denevi et al., 2008; Jin et al., 2015; Li & Milliken, 2015; Lucey, 1998; Mustard & Pieters, 1989; Sato et al., 2014) . This semi-empirical model expresses reflectance as a function of single-scattering albedo (SSA), viewing geometry, illumination angle, YANG ET AL. 1 opposition effect, single particle scattering phase function (PF), multiple scattering, and surface roughness (e.g., Hapke, 1981 Hapke, , 2012a . Among these parameters, the PF is perhaps the least well characterized for minerals relevant to many planetary surfaces, including the Moon. The PF is a function of phase angle (g) (commonly written as P [g] ) and is used to characterize the angular distribution of scattered radiance by single particles at a given wavelength. Both laboratory measurements and radiative transfer modeling have been carried out to understand the wavelength dependence of the PF and how it changes for select materials and under different assumptions (e.g., Grundy et al., 2000; McGuire & Hapke, 1995; Mustard & Pieters, 1989; Pilorget et al., 2016; Souchon et al., 2011) .
Several PFs that are often used in the Hapke model (e.g., Hapke, 2012b; Mustard & Pieters, 1989) are summarized below. The simplest case is to assume isotropic scattering with P(g) = 1 for all wavelengths. A second method is to represent the PF at a certain phase angle (e.g., g = 30°) as an empirical function of SSA (e.g., Mustard & Pieters, 1989 ). This assumption is based on the fact that incident light is scattered more in the forward direction for bright and transparent materials (e.g., some silicates), whereas dark and opaque materials (e.g., ilmenite) tend to be more backward scattering. A third approximation for PF is a two-term Legendre (LG) polynomial (e.g., Hapke, 1981) :
In equation (1), the coefficient b, which is restricted to the range À1 ≤ b ≤ 1 (Hapke, 2012a) , describes the degree of forward/backward scattering. Negative b values indicate more forward scattering whereas positive values indicate more backward scattering behavior. The coefficient c characterizes the degree of side scattering (Mustard & Pieters, 1989) . The general shape of the scattering function is thus determined by these two parameters. Mustard and Pieters (1989) assessed the three different PFs described above for several lunarrelevant minerals (e.g., pyroxene, olivine, and plagioclase) and their mixtures. They found that the empirical formula was an improvement over the isotropic case but that the uncertainty in estimating mineral abundances became larger for their olivine-magnetite mixtures. Mustard and Pieters (1989) also found that better results were obtained for the olivine-magnetite mixtures when using the SSA derived from spectrophotometric measurements of both end-members and their mixtures.
A fourth form for the PF is the Henyey-Greenstein (HG) representation (e.g., Hapke, 2012a Hapke, , 2012b :
The first term describes the backward scattering lobe, and second term describes the forward lobe. The coefficient C describes the relative strength of the lobes and is similar to the parameter b in the LG PF, and the coefficient B characterizes the shape of the scattering lobes. The parameter B is constrained between 0 and 1, whereas C is unrestricted except that P(g) ≥ 0 under all conditions.
Previous work has mainly focused on the wavelength range between 0.4 and 1.0 μm (e.g., Beck et al., 2012; Cord et al., 2003; Hartman & Domingue, 1998; Jin et al., 2015; Johnson et al., 2006 Johnson et al., , 2009 Shepard & Helfenstein, 2007; Shkuratov et al., 2007; Souchon et al., 2011; see Hapke, 2012b for data set summary), but a more recent study by Pilorget et al. (2016) showed that the PF is wavelength dependent to at least 2.5 μm. In addition, very few studies have assessed in detail how different assumptions and formulations of the PF affect outputs (e.g., mineral abundance) of the Hapke model. This is particularly important for mixtures that contain opaque phases such as ilmenite, as these phases may exhibit scattering behavior that differs significantly from that of silicate minerals.
The purpose of this study is to examine how different assumptions and characteristics of the PF may influence applications of the Hapke model in quantitative spectral analysis of lunar materials in the VIS-NIR spectral range. We integrate the photometric spectral data set published by Mustard and Pieters (1989) with new spectrophotometric measurements of minerals that are common on the Moon, including ilmenite, over a wavelength range of 0.4 to 2.5 μm. Coefficients for both the LG polynomial and HG approximations of the PF are derived for each wavelength for each mineral. As a first test to examine whether spectral unmixing of lunar materials can be significantly improved by the use of a wavelength-dependent PF, the newly derived PF coefficients are applied to previously measured spectra of synthetic mixtures acquired in the National Aeronautics and Space Association Reflectance Experiment LABoratory (RELAB) facility at Brown University. In particular, this study aims to (1) assess both the LG and the HG PF values to determine if one is more advantageous in characterizing particle scattering properties; (2) examine the scattering properties of ilmenite and evaluate the effects of ilmenite PF values on quantitative analysis of mixture spectra, and (3) examine the effects of different PF assumptions (constant and wavelength-dependent PF, LG PF, and HG PF) in spectral unmixing analyses based on the Hapke model.
Background
Although the PF is wavelength dependent, it was found that the average values of b and c (b = À0.4, c = 0.25) based on equation (1) for olivine, pyroxene, and plagioclase obtained by Mustard and Pieters (1989) could be appropriately adopted in studies that applied the Hapke model (e.g., Li & Milliken, 2015; Lucey, 1998) . The results of Mustard and Pieters (1989) have thus provided an important foundation for understanding variations in scattering behavior for select minerals that are relevant to many planetary surfaces, including the Moon, Mars, and S-type asteroids, to name a few. However, those data only covered a wavelength range of 0.6-1.6 μm. More recently, Pilorget et al. (2016) suggested that variations in PF values are nonnegligible between the VIS and NIR wavelength regions, and the 1.6-to 2.5-μm region also hosts a number of diagnostic absorption features for minerals that are relevant to planetary surfaces (e.g., Fe 2+ absorptions in pyroxene and spinel). However, wavelength-dependent photometric spectral data over the~0.4-to 2.6-μm wavelength region are currently lacking for common lunar minerals, including ilmenite. Most photometric data sets report values for only one or several wavelengths in the visible range (e.g., Jin et al., 2015; Johnson et al., 2009) , and it is a long-standing problem that photometric data measured in different laboratories can vary, which might limit the application of these data. The measurements presented here can alleviate some of these issues by providing a consistent suite of photometric data and absolute reflectance spectra for a range of lunar-relevant minerals over the VIS-NIR wavelength range, where all samples have been measured under identical conditions.
In general, different minerals are likely to exhibit different wavelength-dependent PF values, and the PF characteristics of mineral mixtures may also vary with composition and mineral abundance. The photometric studies of Mustard and Pieters (1989) and Pilorget et al. (2016) considered mixtures but they did not examine ilmenite, though it is a common and spectrally important opaque phase on the Moon. Based on results of Mustard and Pieters (1989) , olivine, enstatite, anorthite, and magnetite were all shown to exhibit forward scattering behavior, but the scattering behavior of ilmenite, which has a low albedo similar to magnetite, is poorly constrained. A better understanding of the scattering behavior of ilmenite may allow for better quantification of this phase (and thus titanium) across the lunar surface, which in turn may be useful for assessing potential in situ resources as well as deciphering the petrologic and magmatic evolution of lunar mare basalts (e.g., Lucey et al., 2000; Neal & Taylor, 1992) .
Because ilmenite is a highly absorbing opaque mineral, it is likely to exhibit very different PF behavior compared with transparent or semitransparent silicate minerals (i.e., plagioclase, olivine, and pyroxene). If ilmenite is more backward scattering, then applications that rely on single average PF parameters to characterize the lunar surface should be reconsidered. Similarly, incorporation of accurate PF values for ilmenite into spectral models may improve estimates of mineral abundance, particularly ilmenite abundance for hightitanium lunar basalts and mare soils. Indeed, preliminary data presented by Robertson et al. (2017) showed that spectral unmixing of VIS-NIR reflectance spectra of ilmenite-bearing mixtures resulted in large uncertainties in modal mineral abundances when similar PF values were assumed for ilmenite as for silicate endmembers. It remains to be seen if such uncertainties can be reduced by using PF values derived specifically for ilmenite.
Data Sets and Methods
Three different data sets have been used in this study, including two photometric spectral data sets for minerals relevant to the lunar surface and one reflectance spectra data set of synthetic mineral mixtures. These different data sets include minerals of the same type, but minerals that were newly measured for this study may differ in chemical composition from those used in previous studies (e.g., the olivine measured in the different studies may differ in Mg/Fe content). For clarity, superscripts 1, 2, or 3 on mineral abbreviations have been used to identify these minerals. For instance, if olivine in different data sets has the same superscript, it means these data sets used the same olivine sample. The RELAB sample ID and spectral file ID, compositions (in solid solution), spectral measurement angles, and references are summarized in Table 1 .
Two different photometric spectral data sets for minerals relevant to the lunar surface were used in this study. The first data set is that of Mustard and Pieters (1989) , which includes spectral reflectance measurements of olivine (OL 1 ), enstatite (EN 1 ), anorthite (AN 1 ), hematite (HEM 1 ), and magnetite (MAG 1 ) that were all ground and sieved to a size distribution of 45-75 μm. Those data were acquired in the RELAB facility at Brown University with a custom bidirectional reflectance (BDR) spectrometer (Pieters, 1983 ) over a wavelength range of 0.6-1.6 μm. Each of those samples was measured under 17 different geometric configurations. The incident zenith angle was varied from 5°to 60°, and emergence angle was varied from À60°to 60°, where the negative sign indicates the forward scattering direction. All measurements were done within the principle plane with a minimum and maximum phase angle of 15°and 150°, respectively. For detailed configuration information and reflectance calibration methods for this data set the reader is referred to Mustard and Pieters (1989) .
The second data set consists of new spectrophotometric data for different samples of olivine (OL 2 ), orthopyroxene (OPX 2 ), labradorite (LAB 2 ), and ilmenite (ILM 2 ), all measured specifically for this study. The compositions of OL 2 , OPX 2 , and LAB 2 were analyzed by wet chemistry or X-ray fluorescence (XRF) methods and are presented in Table 2 . All samples were ground and wet sieved to a size distribution of 45-75 μm. Figure 1 shows photographs of the samples, and it can be seen that there are significant albedo differences between ILM 2 and the other samples. Spectral reflectance data for all samples were acquired with the BDR instrument in RELAB over a wavelength range of 0.4-2.6 μm with a spectral resolution of 20 nm. All spectra were measured in the principle plane with a fixed incidence angle (45°) and varied emission angles (+60°to À60°) for a total of 10 different phase angles (Table 3) . A Labsphere Spectralon plaque with a 99% nominal reflectance in the visible region was used as the reflectance standard. Reflectance spectra were obtained by dividing the radiance from the sample by the radiance from the Spectralon measured under identical illumination and measurement conditions (which yields relative reflectance) and then correcting the ratio for spectral properties inherent to the Spectralon in order to yield absolute reflectance. The Spectralon is more forward scattering ( Figure 2a ) than a perfect Lambertian material (e.g., Bruegge et al., 2001) , and its reflectance decreases from~99% to~95% at wavelengths longer than 1.8 μm. Spectralon also exhibits an absorption near 2.14 μm that may cause a spurious peak if not properly calibrated (e.g., Zhang et al., 2014) . Corrections are thus needed prior to any quantitative photometric analysis if Spectralon is used as the reference material. The correction procedures for these angular and wavelength dependences are described in section 3.1. For simplicity, here we use RELAB user identifications JM and YZ to represent the Mustard and Pieters (1989) and newly acquired data sets, respectively.
The third data set consists of spectra of six synthesized mixtures collected from the RELAB spectral database. This data set includes three binary mixtures (OL 
Data Reduction
In order to perform photometric model fits to measured reflectance spectra, relative reflectance values were first converted to reflectance factor (R) using equation (3). Reflectance factor is defined as the ratio of radiance from the sample surface to that of a perfectly diffuse (Lambertian) surface under the same conditions of illumination and measurement (Hapke, 2012a) . In this paper, we present all reflectance measurements in terms of the reflectance factor. 
where i and e are the incidence and emission angles, λ is the radiation wavelength, I is the radiance measured, and R Spectralon (i, e, λ) is the spectral reflectance factor of Spectralon that accounts for its nonLambertian behavior (e.g., Zhang & Voss, 2005) .
10.1029/2018JE005713
Journal of Geophysical Research: Planets A limitation of (3) is that most previously published spectrophotometric measurements of Spectralon only include data for one or a few wavelengths in the visible region (e.g., Bhandari et al., 2011; Bruegge et al., 2001) . The multi-angular imaging spectroradiometer (MISR) team has carried out BDR measurements on Spectralon at different incidence and emission angles for three wavelengths, including 442, 633, and 860 nm (Bruegge et al., 2001 ). Prior to this, Weidner and Hsia (1981) reported measurements on pressed polytetrafluoroethylene powder, and the longest wavelength studied was 1,500 nm. Though Spectralon is also made of polytetrafluoroethylene, the reflectance of pressed powder could vary from pressed plaques due to the different powder particle size and manufacture processes. However, because Spectralon plaques are usually manufactured by following the same standards, it is reasonable to assume that the Spectralon plaque used in this work exhibits the same general scattering properties as those of the Spectralon plaque used for the MISR measurements. More importantly, the MISR Spectralon reflectance data include measurements made at a fixed incidence angle of 45°, which is the same as the measurements done in this study.
Therefore, the absolute reflectance factor of Spectralon R Spectralon (i, e, λ) provided by the MISR team was used in equation (3). Although the MISR Spectralon data are only available at three wavelengths (442, 633, 860 nm), all the angular BDR curves for these three wavelengths show the same angular patterns (Bruegge et al., 2001) , and hence, it is assumed that Spectralon has very similar photometric curve shapes for the visible to near-infrared wavelength range examined in this study. This step was necessary due to lack of data for Spectralon, but future work that derives R Spectralon (i, e, λ) at different VIS-NIR wavelengths is warranted to fully test this assumption.
Based on the above arguments, the following method was used to obtain the sample reflectance factor values:
where the R Spectralon (45°, 0°, λ) is the reflectance spectrum measured at (i = 45°, e = 0°) and R Spectralon (i = 45°, e, 633 nm) is the reflectance value of Spectralon measured at fixed incidence angle of 
Note. Data set 1 and data set 3-1 have the same endmembers and thus are both in blue background. Rows in italic are mineral endmembers used in synthetic mixtures. OL = olivine; AN = anorthosite; EN = enstatite; ILM = ilmenite; CPX = clinopyroxene; OPX = orthopyroxene; PL = plagioclase. Superscripts are used to identify composition differences, only minerals have the same abbreviations and subscripts are the same in composition. RELAB = Reflectance Experiment LABoratory. a Compositions of olivine are given in Mg number; plagioclase and pyroxene are given in solid solution.
45°and varied emission angles for a single wavelength of 633 nm by the MISR team (Bruegge et al., 2001) . R Spectralon (i = 45°, e, 633 nm) is used to correct the photometric effects and R Spectralon (45°, 0°, λ) is used to correct the wavelength dependence of Spectralon's reflectance properties, including spectral features near 2.14 μm.
The measured R Spectralon (45°, e, 633 nm) used in equation (3) to correct for the non-Lambertian angular scattering behavior of the Spectralon is shown in Figure 2a . In Figure 2b , the solid line is the reflectance spectrum of the RELAB Spectralon plaque measured at (i = 30°, e = 0°), and the dashed line represents the Spectralon spectrum at (i = 45°, e = 0°; R Spectralon [45°, 0°, λ]) that was obtained by scaling the Spectralon spectrum measured at (i = 30°, e = 0°) using the MISR reflectance value at 633 nm. The resulting R Spectralon (45°, 0°, λ) was then used to correct all relative reflectance spectra for the wavelength dependence of the Spectralon.
Model Description 3.2.1. Reflectance Model
To be consistent with the method of Mustard and Pieters (1989) , equation 37 in Hapke (1981) was used to express reflectance as a function of SSA and other parameters:
R: reflectance factor; i: incidence angle; e: emission angle; λ: wavelength; w: single-scattering albedo (SSA); μ = cos(e), μ 0 = cos(i); B(g): backscatter function; P(g): average single particle PF; and H: the Ambartsumian-Chandrasekhar H function.
An approximation to the H function suggested by Hapke (1993) that has relative errors <1% was adopted:
where r 0 is the diffusive reflectance defined as
. The opposition surge term B(g) is ignored here because all data were measured at phase angles larger than 15°.
The SSA (w) and the PF parameters (b, c or B, C) are solved simultaneously by fitting spectra measured at different angles using equation (5). An iterative least squares method similar to that used by Mustard and Pieters (1989) is employed here to solve this nonlinear equation. A grid search method is used to determine the initial values of w, b, and c for the first wavelength. Then, the built-in function FuncFit in the software Wavemetric Igor Pro is used to find the best fit values of w, b, and c that minimize the chi-square values, defined as
where R measured (i, e, g) and R modeled (i, e, g, w, b, c) are measured and modeled reflectance (with the same viewing geometry (i, e, g) and given parameters w, b, and c), respectively, and σ is the standard deviation of R measured (i, e, g ). The best fit values of w, b, and c for the first wavelength are then used as the initial values for the next wavelength. (1)) and HG PF (equation (2)) have been tested in this work for the particle PF, P(g). The model parameters, including the SSA and the PF coefficients for each mineral, were obtained by fitting measured reflectance values with equation (5) using a nonlinear least squares inversion method. As a first test, the derived PF parameters based on our new spectrophotometric data were used to model reflectance spectra of selected synthetic lab mixtures. Note that the PF values used in this test were derived from the samples that were newly acquired for this study but that they are applied to spectra from previous studies that represent mixtures composed of different specimens of similar minerals. Detailed information about these data sets and samples can be found in Table 1 .
For the spectral unmixing test, an end-member spectral library for each mixture group was constructed by using the spectra of the corresponding mineral end-members. The spectra of mixtures and corresponding endmembers are shown in Figures 3 and 4 , respectively. As shown in Figures 4a and 4c , the spectra of EN 1 and PL 3-3 exhibit features that are associated with OH/H 2 O absorptions near 1.4 and 1.9 μm (e.g., Mustard & Pieters, 1987) . Since the spectra of plagioclase and pyroxene samples in our new data set do not have OH/H 2 O absorptions, to apply the PF parameters derived from our new data set, the OH/H 2 O absorption regions were masked during spectral unmixing. (The results of modeling without masking those regions have been shown in Figures S1-S3 in supporting materials.) The SSA spectrum for each mineral end-member was derived by using the corresponding PF parameters. The SSA of a mixture can be taken as the linear combination of the SSA of the end-members in which the mineral abundance is directly related to the weighting coefficients associated with each end-member (equations (8), Hapke, 2012a) :
M j : bulk density, mass per unit volume for the jth component; ρ: solid density; and D: particle effective diameter.
Dj is the fraction of cross-sectional area for the jth component; we will refer it as fraction coefficient in the following text for simplicity.
If the particle sizes of all the end-members and mixture are the same, F will be equal to the volume fraction for each component. Moreover, if the solid densities of all the end-members are similar, then F can be taken as the mass fraction (Hapke, 2012a) . For the suites of lab mixtures shown in Figure 3 , all the mixtures and their end-members have the same particle size, and hence, F is equal to the volume fraction. Most of the lab mixtures were produced by mixing different mass proportions of endmembers; thus, the modeled volume fraction values have been converted to mass fraction (m j ) using Note. The minus sign in emission angle indicates the detector is on the opposite side of the light source (forward scattering direction).
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where ρ j is the solid density of the jth component. Average density values of ρ olivine = 3.32; ρ plagioclase = 2.73; ρ pyroxene = 3.2; ρ ilmenite = 4.72 g/cm 3 were used in this study. It should be noted that pyroxenes with higher Fe content can have densities up to 3.5 g/cm 3 . However, we have found that a density variation from 3.2 to 3.5 g/cm 3 has a maximum 2% effect on the final end-member absolute mass fraction (see Figure S4 ).
For the PF of a mixture, Hapke (2012a, equation 10.49) suggested (10) can be rewritten as
Because Y is a constant that can be eliminated, the PF of mixture can be expressed as
From equation (12) we can see that the PF of a mixture can be taken as the summation of the P(g) of each end-member multiplied by the product of SSA and abundance as the weighting coefficients.
Three different types of PFs were examined for both the LG and HG expressions: (1) similar and constant PF parameters for all end-members and mixtures (i.e., the average values of PF parameters derived for all four minerals over all measured wavelengths based on the new spectrophotometric measurements, PF1); (2) wavelength-dependent PF parameters for each mineral based on our new measurements (PF2), and with P mixture (g) calculated using equation (12); and (3) different but constant (wavelength-independent) PF parameters for each mineral end-member, Reflectance spectra of six suites of previously measured lab mixtures collected from the RELAB spectral database. The spectra are offset for clarity. The superscripts 1, 3-2, 3-3 indicate different compositions for the various minerals (see Table 1 for compositional information). RELAB = Reflectance Experiment LABoratory.
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Journal of Geophysical Research: Planets but with P mixture (g) set as a free parameter (a scalar that is allowed to vary) to be solved simultaneously with the mass fraction coefficients (PF3). Because the four types of silicate mixtures (Table 1) are composed of the same minerals used in Mustard and Pieters (1989) , both the LG PF1 parameters derived from Mustard and Pieters (1989) and those derived from the YZ data set have been applied in the spectral unmixing tests. This provides insight into how PF values derived from one olivine sample, for instance, may influence unmixing results of a mixture that contains a different olivine sample.
To summarize, reflectance spectra of the selected lab mixtures were unmixed (modeled) using the following steps:
1. Assuming a constant PF value (PF1): The same constant PF parameters were used for all the endmembers and mixtures (Table 4) .
(a) Solve equation (5) 
Assuming wavelength-dependent PF values (PF2)
. This procedure is the same as above, except that the SSA of each end-member was calculated by inputting the corresponding P(g) values and P(g) of the mixture was calculated by using equation (12). The P(g) values used here are end-member specific and wavelength dependent.
Assuming an average PF value for each end-member and unknown PF value for mixtures (PF3). For
Method 3, the P(g) of a mixture was set as an unknown parameter (a scalar that is allowed to vary) and spectral unmixing was done as follows.
(a) Solve equation (5) for SSA of end-members by inputting the corresponding average P(g) over the entire wavelength range for each end-member based on the YZ data set; the P(g) values are end-member specific but wavelength independent. (b) Set initial values for F and P mixture (g) and calculate the SSA of mixture (ω mixture ) by using equation (8); (c) Input the P mixture (g) and ω mixture into equation (5) Journal of Geophysical Research: Planets scattering direction, consistent with the forward scattering nature of olivine grains as reported by Mustard and Pieters (1989) . Figure 6 shows the corrected reflectance spectra of the four minerals measured in this study at a geometry of (i = 45°, e = 0°). Another four spectra from the JM data set, measured at (i = 30°, e = 0°), are also displayed for comparison (Figure 6b ). OL 2 , LAB 2 , and OPX 2 in our new data set show similar spectral features with OL 1 , AN 1 , and EN 1 in the JM data set, respectively. These three similar silicate minerals with similar particle size ranges allow us to directly compare the PF parameters derived from these two spectrophotometric data sets. Figure 7 shows the phase curves of OL 2 , OPX 2 , LAB 2 , and ILM 2 obtained for six wavelengths that include diagnostic absorption bands of these four minerals as indicated in Figure 6a . Although these four minerals show similar concave phase curves for all six wavelengths, the highest and lowest reflectance values occur at different emission angles. For OL 2 , OPX 2 , and LAB 2 the highest reflectance values all occur at (i, e) of (45°, In contrast, as shown in Figure 7d , the highest reflectance for ILM 2 is at (i = 45°, e = 60°) and indicates a more backward scattering behavior.
Results

Spectra Before and After Photometric Corrections
Phase Curves of the YZ Data Set
Derivation of the Coefficients b and c of the LG PF
In order to compare our results with those of Mustard and Pieters (1989) , we first used the same simplified Hapke model and the LG PF (equation (1)) to do the spectral fitting at different incidence and emission angels. The SSA, b, and c values (coefficients of the two-term LG polynomial) of OL 2 , OPX 2 , LAB 2 , and ILM 2 from our new measurements are presented in Figures 8a-8c , whereas those derived from the JM data set are shown in Figures 8d-8f . The derived b and c curves were smoothed using the Savitzky-Golay method and are shown as dashed lines in Figure 8 . The SSA spectra for the same mineral type show strong similarities between the two data sets (YZ and JM), but they are not identical. This is likely due to compositional differences between the minerals used (e.g., different compositions of olivine and different compositions of pyroxene).
For the b parameter, all four minerals in JM data set exhibit negative values over the 600-1,600 nm wavelength range, indicating that all samples, even the dark magnetite, are relatively forward scattering ( Figure 8e ). Although ilmenite exhibits similarly low reflectance and SSA values as magnetite, we find that its b values are positive over the entire wavelength range of 400-2,500 nm, indicating a more backward scattering behavior. The b values of olivine and plagioclase in the YZ data set are consistent with those of the JM data set. However, the b value of OPX (EN) in the JM data set is much lower (more forward scattering) than that of the YZ data set (~À 0.8 vs~À 0.1), but still less than zero, suggesting the forward scattering nature of pyroxene. The different levels of forward scattering of pyroxenes could be caused by differences in composition, internal scatters, and defects between the two samples. For example, the Fe content in the JM OPX (EN) and the YZ OPX samples are~7.62% (FeO) and~6.96%, respectively. The potential correlation between Fe content of pyroxene and the degree of forward scattering merits additional investigation but will not be discussed further here.
In both data sets, the wavelength dependence of the c parameter always has the opposite shape compared with that of the b parameter (Figures 8c and 8f ). This could be caused by the fact that c describes side scattering, which is reduced when forward scattering is strong, or the possible mathematical couplings between these parameters. For the three silicate minerals, the c values are very close to each other for both data sets, though the average values from the JM data are a little higher than those derived from the YZ samples and 
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measurements. The effects of variations in b and c for different minerals and different wavelengths on spectral unmixing results will be discussed in section 5.
Derivation of the B and C of the HG PF
The derived SSA values and B and C coefficients of the HG PF using the Hapke model are shown in Figure 9 . Similar to the results of the LG PF, the SSA spectra derived from the YZ and JM data sets show similar features for the same type of minerals (olivine, pyroxene, and plagioclase). As mentioned above, the coefficient C of the HG PF characterizes the degree of forward/backward scattering (similar to the coefficient b in the LG PF), whereas the coefficient B characterizes the shape of the lobe. The coefficients B and C of the HG PF for olivine and plagioclase exhibit small differences between the YZ and the JM data sets (Figures 9b-9e and 9c-9f). The B values of olivine and plagioclase are~0.3 and 0.2, respectively, whereas the C values of both minerals are close to À0.8 for the YZ data set and are À0.8 (olivine) and À0.6 (plagioclase) for the JM data set.
The B values of the YZ and JM pyroxene are~0.7 and~0.6, respectively, which are much higher than the values derived for olivine and plagioclase. The C value of the YZ pyroxene is close to that of olivine and plagioclase (~À1.0), whereas the C value of the JM pyroxene is significantly different from that of plagioclase 
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Journal of Geophysical Research: Planets and olivine (Figure 9f ). This implies a stronger forward scattering nature for the JM pyroxene, consistent with the results of the LG PF for this sample. Again, the stronger forward scattering in the JM pyroxene as compared with the YZ pyroxene could be caused by compositional differences (i.e., higher Fe content in the JM pyroxene) and different amounts of internal scatters and defects. Future study on the scattering properties of pyroxenes with a wider range of Fe contents may help explain this observation.
The B curves of both ILM (YZ) and MAG (JM) are very flat and have average values near 0.2. ILM shows positive C values (backscattering) over the entire wavelength range, whereas the three silicate minerals exhibit negative values in both data sets (Figures 9c and 9f) . Though magnetite, similar to ilmenite, has a very low albedo, it yields similar C values as the silicate minerals and is generally forward scattering. The C values for ilmenite are strongly wavelength dependent, while those of magnetite are not. The latter has higher C values at the short and long wavelength ends (Figure 9c ). The effect of such variations in the B and C values for different minerals and at different wavelengths is discussed below (section 4.6) when these values are evaluated using the Hapke model for spectral unmixing.
Fitting Residuals for Deriving the Coefficients of the LG and HG PFs
The chi-square values of the fits for the LG and HG PF functions are plotted as a function of wavelength for both data sets in Figure 10 . For each wavelength there are 10 different data points in the YZ data set and 17 in the JM data set, corresponding to the number of unique incidence and emission angle combinations for each data set. Hence, the chi-square value at each wavelength represents the overall difference between the reflectance measured at 10 or 17 different incidence and emission angles and the reflectance predicted at the corresponding incidence and emission angles with the Hapke model.
All chi-square values exhibit strong wavelength dependence, and the minimum values are commonly at wavelengths that fall within absorption bands. Fits that use the HG PF return smaller chi-square values 
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Journal of Geophysical Research: Planets for all wavelengths for the orthopyroxene samples (EN in the JM data set and OPX in the YZ data set, see Figure 10b ). However, no significant difference is observed between LG and HG fits for the plagioclase and olivine samples (Figure 10c ). In addition, the chi-square values for samples in the new (YZ) data set are about 10 times smaller than those of the JM data set, which may be attributed to the improved photometric correction by using the Spectralon in the new measurements compared with using pressed halon as a reflectance standard in the JM measurements.
Spectral Unmixing of Lab Mixtures Using the Derived LG and HG PFs
Three different modeling scenarios were tested for the LG and HG PFs by following the data processing pipeline outlined in the Spectral unmixing section. The comparisons of these different PFs have been summarized in Table 4 . In scenario 1 (PF1), the constant parameters were set as b = À0.2, c = 0.16 for LG PF1, and B = 0.33, C = À0.51 for HG PF1, which are the averaged coefficients derived from the new spectrophotometric measurements. The constant values of b = À0.4, c = 0.25 suggested by Lucey (1998) based on the results of Mustard and Pieters (1989) were also tested as a reference. In scenario 2 (PF2), the coefficients of the LG and HG PFs derived from the YZ data set at each wavelength were used after smoothing with the Savitzky-Golay algorithm (Figures 8 and 9 ). In scenario 3 (PF3), the coefficients of the LG (b, c) and HG (B, C) PFs were assumed to be constant (wavelength independent) for each end-member and the PF value of the mixture was set as a free parameter to be solved during spectral unmixing. The six suites of lab mixtures shown in Figure 3 were modeled in this manner.
Silicate Mixtures: OL-EN, OL-AN, AN-EN, and OL-AN-EN
The spectral fitting results and predicted mineral abundances for the three suites of binary mixtures (OL 1 - Figures 11 and 12 , respectively. The three different scenarios for the PFs all exhibit small residuals in spectral fitting (Figure 11 ), and the modeled mineral abundances are within ±5% compared with the measured values (Figure 12 ).
For the OL 1 -EN 1 mixture (Figures 12a and 12b) , the mineral abundances modeled with the LG PFs exhibit smaller errors than those modeled with the HG PFs. For the LG PFs, the estimation of mineral abundances from the PF1, PF2, and PF3 methods shows no apparent differences and is within ±5% of measured values. In contrast, HG results for PF1 show lower uncertainties in the estimation of mineral abundance than HG results for PF2 and PF3 (Figure 12 ). For the OL 1 -AN 1 mixtures (Figures 12c and 12d) , the abundances modeled with all three LG PFs and HG PFs are roughly the same. One notable exception is for the OL50%-AN50% mixture, where the values modeled with LG PF3 and HG PF3 deviate significantly (>10%) from the measured value. For the AN 1 -EN 1 mixtures (Figures 12e and 12f) , the mineral abundances modeled with almost all PFs are within an uncertainty of ±5%. For all the three mixtures, using the constant values of b, c derived from the JM data set (Lucey, 1998) yields roughly similar results compared with using the values derived from the YZ data set (Table 4) . Overall, using the constant coefficients (B, C) and (b, c) for the HG and LG PF (PF1) provides the smallest uncertainties in the estimation of mineral abundances among the three PF scenarios. (Figures 8 and 9 ).
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Journal of Geophysical Research: Planets tends to be overestimated by using PF3 in both the LG and HG PFs, while results for PF1 for both LG and HG PFs show the smallest uncertainties, which is the same case as observed for the binary mixtures (Figures 11  and 12 ).
ILM-Bearing Mixtures: OL-PYX-PL-ILM and OL-CPX-OPX-PL-ILM
The spectral fitting results for the four-end-member ilmenite-bearing mixtures (OL 3-2 -PYX 3-2 -PL 3-2 -ILM 3-2 )
are shown in Figure 15 . Among the six mixtures in this group, c1sc45 is composed of all the four endmembers, c1sc55 only contains PL 3-2 and PYX 3-2 , and the other four mixtures are actually only composed of PYX 3-2 , PL 3-2 , and ILM 3-2 . As listed in Table 1 , the abundance of ILM in this mixture suite varied from 0 to 25.3 wt %. All the six mixtures show similar residuals of spectral fits. Figure 16 shows the modeled mineral abundances compared with the measured values. All the abundances modeled for all the PFs are within or close to ±10%. For mixtures with lower abundances of OL and ILM (c1sc33, c1sc48, c1sc51, and c1sc55), the abundance modeled with all PFs is within or close to an uncertainty of ±5%. The results for c1sc42, which has the highest content of ILM, show the largest deviation in the abundances modeled with different PFs. For all the six mixtures, the abundances estimated using three different PF1 parameters (see Table 4 ; JM LG PF1, YZ LG PF1, and YZ HG PF1) are nearly the same for all the end-members.
The spectral fitting results for the five-end-member ilmenite-bearing mixtures (OL 3-3 -CPX 3-3 -OPX 3-3 -PL 3-3 -ILM 3-3 ) are shown in Figure 17 . There are two different types of pyroxenes in this mixture group. The residuals of the spectral fits are slightly greater than those of other mixture groups. c1xs12 shows the smallest residual of spectral fits among the four mixtures for both LG PF and HG PF. It has the highest abundances of ILM (28 wt %) and CPX (47 wt %). Figure 18 shows the modeled abundances compared with the measured values. The estimated mineral abundances deviate strongly from the measured values for all three PF scenarios examined here. ILM is overestimated (>10% absolute fraction) for all mixtures, regardless of which PF is used, and olivine and plagioclase are all underestimated in these samples. The abundances estimated using three different PF1 parameters (see Table 4 ; JM LG PF1, YZ LG PF1, and YZ HG PF1) are almost the same for all the end-members. For c1xs12 and c1xs15, abundances estimated using PF1 for all the end-members generally exhibit smaller deviations from the measured values.
Discussion
These results demonstrate that appropriate corrections for the spectral photometric properties of Spectralon are needed to obtain accurate absolute reflectance spectra. The non-Lambertian behavior of Spectralon may cause significant brightening/darkening effects in VIS-NIR reflectance spectra measured under different incidence and emission angles. The Spectralon is more forward scattering than a true Lambertian material and thus may suppress sample reflectance in the forward scattering direction. In addition to this angular dependence, the reflectance of Spectralon is also wavelength dependent. Although its 99% nominal reflectance is quite independent of wavelength up to 1.7 μm (Figure 2b ), Spectralon exhibits decreased reflectance from~1.8 to 2.5 μm that would cause a false increase in sample relative reflectance if not accounted for. The corrected spectra shown in Figure 5 indicate that the darkening/brightening effects of the Spectralon have been satisfactorily removed. 
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The scattering properties of ILM are clearly different from the silicates olivine, pyroxene, and plagioclase. As indicated by the phase curves shown in Figure 7 , the three silicate minerals are more forward scattering whereas ILM is more backward scattering. This is also confirmed by the derived values of the parameters b in the LG PF ( Figure 8b ) and C in the HG PF (Figure 9c ), both of which characterize the degree of forward/backward scattering. Though magnetite has a low albedo similar to ilmenite, the measurements of the JM data set suggest magnetite is more forward scattering and thus similar to the three silicate minerals. This fundamental difference in scattering behavior between ilmenite and OL, PL, and PYX suggests that the use of common PF values for all end-members when modeling ilmenite-bearing mixtures (e.g., lunar basalts) may be inappropriate and may result in large uncertainties in the estimation of mineral abundances for ilmenite-bearing materials.
Results of the Hapke model as applied to the spectrophotometric data show no significant difference between the LG and HG PF assumptions. The chi-square values associated with the spectral fits show similar values between the LG and HG PFs for the same minerals in the JM and YZ data sets. The only exception is that fits to pyroxene spectra that used the HG PF in both the JM and YZ data sets show slightly smaller chisquare values than those using the LG PF (Figures 10b and 11b) .
The PF parameters of the three silicate minerals (olivine, pyroxene, and plagioclase) derived from the YZ and JM data sets show similar general trends but differ in absolute magnitude, especially for pyroxene (OPX 2 and EN 1 ; Figures 8 and 9 ). Although the pyroxene measured here is compositionally similar to the one used in Mustard and Pieters (1989) , it is not chemically identical and may differ in the degree of defects and internal scatters, factors that may affect the scattering properties. As listed in Table 1 , the solid solution of OPX 2 is Wo1.8-EN88.7-Fs9.5 whereas EN 1 is Wo0.43-EN88.81-Fs10.76; thus, there is only a small difference (~0.66%) in FeO content. To confirm the effects of such compositional differences on PF parameters, and to quantitatively characterize the effects of possible internal scatters and defects, more well-calibrated spectrophotometric measurements of minerals in solid solution series are needed.
The spectral unmixing results show no significant difference between using the HG and LG PFs in the Hapke model. The RMS values that quantify the difference between modeled and measured spectra are used to evaluate the spectral fitting and are presented in Figure 19 . As shown in Figures 19a and 19c , the spectral fitting residuals are almost identical when using the wavelength-independent PF1 and PF3 methods of the HG and LG PF assumptions, respectively. Although the fitting residuals of the HG PF2 model are slightly higher on average than those of the LG PF2 (Figure 19b) , the difference is negligible.
The wavelength-dependent phase functions (PF2; LG and HG) presumably describe the phase curves more accurately than the constant phase functions (PF1 and PF3). However, no significant improvement in the spectral fits was found between PF2 and PF1 or PF3 (Figure 20) . In some cases, the spectral fits of PF2 are worse than those of PF1 and PF3, but the difference of the fitting residuals is still small and on the order of 10 À3 . However, the mineral abundances derived from the PF2 model exhibit higher uncertainties for all six mixture groups compared with results based on PF1. The poor performance of PF2 in terms of derived mineral abundances may be due to the following two reasons: (1) the PF parameters applied to the mixtures were not derived from the exact same minerals that were used to make the mixtures; (2) the wavelengthdependent PF of mixtures predicted by equation (12) could contain large uncertainties. To verify which factor is more important, additional spectrophotometric measurements on both mixtures and their mineral end-members are warranted. 
Given the wavelength-dependent nature of scattering phenomena, why does assuming a constant PF still yields reasonable modeling results? In general, it seems that the constant PF parameters are similar enough to the real (measured) PF values of both the end-members and mixtures at VIS-NIR wavelengths that the wavelength dependence can be ignored. For spectral unmixing, the SSA of end-members and mixtures need to be calculated first, but the SSA values will differ when using different PFs in the calculations. Figure 21 shows the SSAs of olivine, pyroxene, plagioclase, and ilmenite from the JM and the YZ data sets. The SSAs solved from spectrophotometric data (Figures 8a and 8d ) that can be taken as the true values are also shown. It can be seen that the SSA values vary for the different minerals depending on which PF model is used. However, the SSA values of AN 1 and LAB 2 exhibit very little variation for the different PF models, whereas the SSAs of olivine and pyroxene derived with different PFs show more According to Mustard and Pieters (1989) , the accuracy of SSA is the main determining factor for abundance estimates of their olivine-magnetite mixtures. Those authors carried out spectrophotometric measurements on olivine-magnetite mixtures and the corresponding mineral end-members. When using the accurate SSA of end-members and mixtures derived from spectrophotometric measurements, more accurate unmixing results were obtained for the olivine-magnetite mixtures compared with using the SSA solved from equation (5) and assuming a constant PF. If this is also true for mixtures with more end-members, using accurate PF parameters for both end-members and mixtures should yield improved unmixing results. Although it is not demonstrated that the wavelength-dependent b/c (or B/C) parameters derived for the minerals studied here can be generalized to all other minerals, it seems that the average b/c (or B/C) values at VIS-NIR wavelengths for a given mineral may be used as typical values for similar minerals (Table 5 ). This may improve the accuracy of SSA for each end-member, especially for ilmenite.
The different SSA values that are derived by changing PF values may follow different trends for different minerals. To examine this, the PF values for each mineral were varied ±0.2 and ± 0.4 from the reference values and the results are shown in Figure 22 . In this plot, the SSAs of OL 2 , OPX 2 , LAB 2 , and ILM 2 were derived from spectra measured at (45°, 0°) using different constant LG PF values. The LG PF3 parameters listed in Table 5 the YZ spectrophotometric data set. The PF1, PF2, and PF3 are the same as in Figure 11 . The spectra used here are shown in Figure 6 . PFs = phase functions; LG = Legendre; SSAs = single-scattering albedos. The fractional contribution of multiple scattering for the four minerals is presented in Figure 23 and is given by
where the term , single scattering contributes~80% of the total reflectance (and~20% from multiple scattering), whereas for bright minerals (e.g., LAB) multiple scattering dominates. This demonstrates the importance of accurate SSA values for dark components in spectral unmixing applications; changes in PF values may significantly affect the modeled relative contribution of single and multiple scattering for highly absorbing phases like ilmenite. Among the three PFs, PF2 is expected to be the most realistic since it is derived directly from spectrophotometric data.
The relationship between PF values of end-members and those of complex mixtures is not yet well understood. As shown in Figure 10 in Mustard and Pieters (1989) , olivine is more forward scattering than magnetite. However, mixtures with higher magnetite content (OL 25%-MAG 75%) show b/c values closer to the b/c values of pure olivine compared with the OL 90%-MAG 10% mixture. The PF parameters derived for the mixtures in that study may be disproportionate to the concentration of each end-member. This indicates that the PFs of intimate mixtures could be more complex than a linear combination of end-member PFs as suggested by equation (12). Table 5 for each mineral were used as reference. The differences in PF values were set as ±0.20 and ±0.40. PF = phase functions; LG = Legendre; SSAs = single-scattering albedos.
Figure 23. The fractional contributions (equation (13) By setting P mixture (g) as a free parameter that is allowed to vary in the PF3 model, an independent PF value for a mixture may be derived while simultaneously solving for mineral abundances. Although the PF3 approach yields small RMS values in terms of spectral fits (Figure 20) , the errors in estimated mineral abundances indicate that the goodness of curve fitting may not be the best measure of the model's accuracy. However, if the values of P mixture (g) can be better constrained a priori, then we predict that a small RMS value for the spectral fit and more accurate estimates of mineral abundance can be achieved simultaneously with the Hapke model. To summarize, additional well-controlled laboratory experiments that seek to understand and quantify the relationships between PF values of individual minerals and those of complex intimate mixtures are likely to be a fruitful area of research.
The spectral unmixing results for binary and ternary silicate mixtures suggest that the estimated mineral abundances are within ±5% of known values when using constant coefficients (b, c) and (B, C) in the LG and HG PFs (PF1) and wavelength-dependent PFs (PF2). For the two ilmenite-bearing mixture suites that bear similarity to mineral assemblages in lunar basalt samples (e.g., Isaacson et al., 2011) , the unmixing results of mixture suite 3-2 (OL 3-2 -PYX 3-2 -PL 3-2 -ILM 3-2 ) are comparable to those of those silicate mixtures, whereas results for the mixture suite 3-3 (OL 3-3 -CPX 3-3 -OPX 3-3 -PL 3-3 -ILM 3-3 ) show large uncertainties in estimated mineral abundances. The better results for mixture suite 3-2 may be due to the fact that most of the samples in this group are ternary mixtures, for which the various PF models seem to work well. In mixture suite 3-3, ILM 3-3 was overestimated and PL 3-3 and/or OL 3-3 were commonly underestimated. There seems to exist a tradeoff between the modeled abundance of ILM and PL. As indicated in Figures 21b and  22 , the calculated SSA of ilmenite tends to be higher than its actual SSA values when based on PF parameters that are close to those of silicate minerals, whereas the SSA of plagioclase is relatively insensitive to the changes in the PF parameters. As a result, more ilmenite is needed in the model to lower the overall albedo to match the measured spectrum.
In addition to the apparent tradeoff in abundance shown in Figure 17 , the spectral fits are often poorest near absorption bands. For methods employed in this work, this poor performance in fitting both the albedo and absorption bands of a complex mixture could be due to (1) large uncertainties on the PF parameters of endmembers and mixtures; (2) inadequacy in the RMS criteria for modeling spectra with multiple diagnostic absorption features. For CPX 3-3 and OPX 3-3 in mixture suite 3-3, the PF parameters derived from OPX 2 (YZ data set) were used and may introduce a bias in the model. As shown in Figure 22 , the SSAs of samples with lower reflectance tend to be more sensitive to change in PF values. According to Nash and Conel (1974) , the overall albedo and absorption band depth of mixtures could be reduced strongly by the presence of ilmenite, and this effect is disproportionate to its concentration. Therefore, ilmenite-bearing mixtures may have large uncertainties in their derived SSAs that could then result in poor modeling results. When using RMS as the sole criteria in evaluating the goodness of fit, reflectance values at all wavelengths are weighted equally, which do not account for the importance of specific spectral absorptions. As a result, in order to balance the overall albedo, which affects all wavelengths and thus may have a strong effect on the RMS value, accuracy in fits to the narrower diagnostic absorption features is sacrificed. As CPX, OPX, and OL all have strong and distinct absorption bands that may be coupled with each other, the strong darkening effect of ilmenite may further complicate the spectral modeling. Future work will examine weighted fits during the modeling in order to assess if such approaches yield improved estimates of mineral abundance (though likely at the expense of accuracy in overall spectral fit).
The particle size difference among end-members may also cause large uncertainties in mineral abundance estimations using the Hapke model. In this study, all end-members and mixtures were assumed to have the same particle size. In reality, the particle size distribution may vary from end-member to end-member though they all have the same particle size range (i.e., 45-75 μm). This would complicate mineral abundance estimation for multicomponent mixtures, as the fraction coefficient F (equation (8)) may no longer be directly related to volume or mass fraction. In addition to the actual particle size, the presence of internal scatters and defects may also affect the modeling results as the path length of light traveling through grains could differ significantly.
In contrast to the lab measurements presented here, photometric studies of the lunar surface using remotely sensed data show no distinct difference in PF parameters derived for different regions with different ilmenite ( Journal of Geophysical Research: Planets spatially resolved near-global PF parameters (HG PF B/C) of the Moon using data measured by Lunar Reconnaissance Orbiter Camera Wide Angle Camera. They found that mare regions exhibit weaker backscattering compared with highlands. Barker et al. (2016) obtained similar results using data obtained by the Lunar Orbiter Laser Altimeter.
The differences between laboratory measurements and remote sensing have been a long standing problem in planetary science. The surfaces of airless bodies are likely mixtures of regolith and rock fragments, and the local topography (including impact craters) and surface roughness may also play important roles. It is possible that the photometric properties of the surface may be dominated by these physical characteristics over large spatial scales rather than merely composition and mineralogy. In contrast, spectra measured in labs are commonly of pure granular minerals with controlled particle size and macroscopically flat surface. As such, PF parameters derived from laboratory measurements are likely to be dominated by the composition/mineralogy of the samples. In addition, Sato et al. (2014) and Barker et al. (2016) employed the Hockey-Stick equation (e.g., Hapke, 2012b) for their PF parameters B and C, and this may also affect the final modeling results. Additional work that helps to bridge the gap between spatial scales measured in the laboratory and by spacecraft-based instruments with respect to photometric and other scattering properties will remain an important area of research to maximize the science return of past, present, and future missions.
Conclusions
1. The non-Lambertian scattering behavior of the Spectralon, if not properly accounted for, may cause significant spurious brightening/darkening effects in VIS-NIR reflectance spectra measured at different incident and emission configurations. When carefully taken into account, accurate absolute reflectance spectra and derived PF values of geologic materials can be obtained. 2. Ilmenite and magnetite are both opaque phases with very low albedo, but we find that ilmenite exhibits more backward scattering behavior than magnetite and common silicates such as olivine, pyroxene, and plagioclase. 3. Fitting of photometric spectral data with a Hapke model that uses the two-term HG PF (equation (2)) does not result in a significant difference compared with fits that use the two-term LG polynomial representation of PF (equation (1)). 4. The uncertainty of calculated SSA values is proportional to the uncertainty of PFs used to derive those values. For the four minerals studied here (olivine, pyroxene, plagioclase, and ilmenite), using a PF value that is smaller than the measured value will result in higher SSA, and using a PF value higher than the actual value will result in lower SSA. 5. For samples with higher reflectance (i.e., plagioclase), the derived SSA values are less sensitive to changes in PF values. For dark phases such as ilmenite, the derived SSA values are more sensitive to changes in PFs compared with the brighter silicates. This is the result of different contributions of multiple scattering.
More spectrophotometric measurements on pure minerals that span a wider range in composition (e.g., solid solution series) and complex natural mixtures (e.g., lunar basalts) are needed to improve our understanding of how different assumptions for the PF affect spectral modeling of complex, multicomponent regoliths on planetary surfaces, particularly those that contain both forward and backward scattering components. larship from the China Scholarship Council (201606410049). The new spectrophotometric data have been included in supporting information. The spectra data of those lab mixtures can be found in RELAB database with the spectral file IDs summarized in Table 1 . We are grateful to Brett Denevi and an anonymous reviewer for their in-depth comments, edits, and thoughtful suggestions that greatly improved the quality of the manuscript.
